Multiply
By To obtain Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:°F =(1.8×°C)+32.
Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:°C =(°F-32)/1.8.
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (µS/cm at 25°C).
Concentrations of chemical constituents in water are given in milligrams per liter (mg/L).
Horizontal coordinate information is referenced to North American Datum of 1927 (NAD 27).
Introduction
The U.S. Geological Survey (USGS) continuously records gage height, specific conductance, and water temperature at seven gaging sites on the Sheyenne River ( fig. 1 ; table 1) in cooperation with several State and Federal agencies. Data from the continuous real-time water-quality monitors on the Sheyenne River are available on the Internet from the USGS National Water Information System (NWISWeb, http://waterdata.usgs.gov/nd/nwis) . Continuous monitoring provides valuable information and may identify important variability that may not be evident in discrete water-quality sampling schemes. This information could be used to estimate concentrations of other water-quality constituents of interest, such as sulfate.
Devils Lake, in the adjoining Devils Lake Basin ( fig. 1 ), began flooding in the 1990s and continues to the present (2007) . According to the North Dakota State Water Commission's Devils Lake Quick Facts [n.d.] , Devils Lake flooding "has destroyed hundreds of homes and businesses and inundated thousands of acres of productive farmland. The State of North Dakota and the U.S. Government have spent over $450 million dollars in flood mitigation efforts including moving roads, rail and power lines, and building dikes." The State of North Dakota has constructed an outlet to allow water from Devils Lake to flow into the Sheyenne River. The maximum outlet discharge is based in part on the sulfate concentration at the Sheyenne River downstream from the outlet insertion point (North Dakota State Water Commission [n.d.] , Devils Lake Flooding-Outlet). Many water-quality stakeholders are concerned about the effect that water from Devils Lake might have on the Sheyenne River. The Sheyenne River is a tributary of the Red River of the North (Red River), which flows into Canada, therefore, the water quality of the Sheyenne River is of interest to users of the Red River in North Dakota, Minnesota, and Canada. For the study described in this report, the USGS, in cooperation with the North Dakota State Water Commission (NDSWC), analyzed the data collected at the seven sites on the Sheyenne River to determine whether streamflow and the continuously recorded physical properties could act as surrogates to estimate water-quality constituents that are important indicators of surface-water quality. The methods used in this study replicate those previously used in North Dakota for the Red River at Fargo (Ryberg, 2006) and in Kansas (Christensen and others, 2000; Christensen, 2001; Rasmussen and others, 2005; and Christensen and others, 2006) and may be replicated for other sites in North Dakota and the Nation to monitor water quality.
Estimation of water-quality constituents on the basis of surrogates provides several benefits. Although periodic Sheyenne River water-quality samples are collected manually, the delay associated with laboratory analysis does not permit immediate identification of undesirable levels of constituents. A relation between manually collected water-quality samples and continuously recorded water-quality physical properties allows immediate identification of potential water-quality problems. Examination of streamflow and physical properties of water that act as surrogates for constituents of interest also helps optimize visits for the collection of water-quality samples. For example, if specific conductance is used as a surrogate for estimating sulfate, it is desirable to collect water-quality samples representative of the range of specificconductance values possible for the Sheyenne River at each site. In addition, the continuous estimation of water-quality information is useful in tracking changes in water quality as they occur.
Purpose and Scope
This report presents the results of regression analysis of water-quality constituents for seven sites on the Sheyenne River, N. Dak., using manually collected water-quality data and continuously recorded streamflow and physical property data from seven sites on the Sheyenne River. The data were collected during 1980-2006. The report provides regression equations that can be used to estimate concentrations and loads for hardness, dissolved solids, calcium, magnesium, sodium, and sulfate.
Description of Study Area
The Sheyenne River ( fig. 1 ) originates in Sheridan County in central North Dakota and flows through southeastern North Dakota, ultimately emptying into the Red River, north of Fargo. The Sheyenne River has a drainage area of about 6,910 square miles, not including the closed Devils Lake Basin (Emerson, 2005 
Previous Studies
Regression relations have been developed previously for sites on the Sheyenne River to estimate monthly mean constituent concentrations (Guenthner, 1991; Williams-Sether, 2004 ). Guenthner's study (1991) preceded continuous recording of specific conductance and water temperature; therefore, the only continuously recorded variable available for regression analysis was streamflow. The only continuously recorded variable used by Williams-Sether (2004) was streamflow. Regression analysis to estimate constituent concentrations and loads was used by Ryberg (2006) for the Red River at Fargo, N. Dak., and has been used for numerous sites in Kansas (Christensen and others, 2000; Christensen, 2001; Rasmussen and others, 2005; and Christensen and others, 2006) .
Methods
Data collection and analysis methods have varied over time and from site to site. This section describes how streamflow was measured, water-quality samples were collected and analyzed, and data were interpreted for this study.
Streamflow Measurements
Stage, or gage height, was measured to the nearest 0.01 ft at all stations. The data for all stations are stored and publicly available in the National Water Information System: Web Interface (NWISWeb), http://waterdata.usgs.gov/nd/nwis.
Methods used to determine streamflow are described in Buchanan and Somers (1969) . Streamflow measurements were made periodically at each station. A stage-streamflow relation was developed on the basis of streamflow measurements and the stage of the stream at the time of measurement (Kennedy, 1984) , and this relation was used to compute a continuous record of streamflow (Kennedy, 1983) .
Manual Water-Quality Measurements, Sample Collection, and Analysis
During the collection of water-quality samples, physical properties of water, including specific conductance and water temperature, were measured. USGS water-quality samples were collected manually according to methods described in USGS techniques manuals (U.S. Geological Survey, variously dated). After the manually measured physical property and water-quality data were checked and approved by the USGS, they were made publicly available in In the NDSWC database, the NDSWC identifies site 2, Sheyenne River above Devils Lake State outlet near Flora, N. Dak., with the location number 15106807, and site 3, Sheyenne River below Devils Lake State outlet near Bremen, N. Dak., with the location number 15006708. Only data from the NDSWC database that had field specific-conductance measurements were used for this report. The NDSWC's Ground and Surface Water database does not provide streamflow with the waterquality data. Therefore, the USGS automated data processing system (ADAPS, Revision NWIS-4.6.0-40) was used to obtain interpolated unit values for streamflow. ADAPS stores the streamflow values for the USGS Sheyenne River gaging sites in one-hour increments and interpolates a streamflow value based on the Water Commission's specified sampling time and the streamflow for the closest hour before and the closest hour after the sampling time.
Water-quality data were collected as long ago as 1951. However, using data from such a long period of time introduces many sources of variability. Field and laboratory methods change over time and three different laboratories were used for some sites with long periods of record (sites 1, 4, 5, and 6; fig. 1 ). In examining scatterplots and regression diagnostic plots, an inordinate number of outliers appeared in the data from the 1970s (data not shown). Many of the potential outliers may have been transposed during data entry, but the original data are no longer available to check. Water temperature was identified as a statistically significant explanatory variable for many constituents, but this was an unexpected finding and did not follow from the results of previous studies (Christensen and others, 2000; Christensen, 2001; Ryberg, 2006) . By limiting water-quality data to samples collected beginning in 1980 through 2006, some of the variability in laboratories, two rather than three analyzing laboratories, was eliminated, the number of potential outliers was reduced, and water temperature was no longer statistically significant as an explanatory variable for constituent concentration.
Data were removed from the regression analysis based on streamflow to eliminate samples collected from pooled and stagnant water. For sites 4 and 5, only water-quality samples with an associated streamflow of at least 5.00 ft 3 /s were used, based on structures at the gage and river characteristics (R.F. Lundgren and W.C. Damschen, USGS, oral commun., 2007). Site 1, generally having streamflow or being dry, is not as prone to pooling as sites 4 and 5 (R.F. Lundgren and W.C. Damschen, USGS, oral commun., 2007); however, the point of zero flow at site 1 is a gage height of 3.50 ± 0.05 ft (L.A. Cottengaim, USGS, station description, unpub. data, 2007), and 3.55 ft is equivalent to a streamflow of 0.34 ft 3 /s (U.S. Geological Survey, stage-discharge rating 10.0, November 21, 2006). Therefore, only water-quality samples with an associated streamflow greater than 0.34 ft 3 /s were used for site 1. For sites 2 and 3, only samples with an associated streamflow of at least 4.00 ft 3 /s were used. No data were used that were collected after July 13, 2006, for site 2 and July 7, 2006, for site 3 because streamflow was less than 4.0 ft 3 /s or was affected by ice for the remainder of 2006. Sites 6 and 7 have higher minimum streamflow caused by regulation at Baldhill Dam and tributary inflow; therefore, data for these sites were not removed based on streamflow.
The frequency of water-quality sampling varied from site to site and with time, resulting in some instances of serial correlation, especially with data collected in the 1980s. To reduce serial correlation, which may result in residuals that are not independent, the data were thinned (Helsel and Hirsch, 1995) . After removal of data based on streamflow, the data were thinned for sites 1, 4, 5, 6, and 7 ( fig. 1 ; table 1) so that no samples were closer than 4 weeks apart. Because of the shorter period of record, data for sites 2 and 3 ( fig. 1 ; table 1) were thinned so that no samples were closer than 3 weeks apart.
Development of Regression Equations to Estimate Constituent Concentrations
All available water-quality constituents were considered for estimation using regression equations. However, some of them were removed from consideration due to various data issues, such as no data since the early 1980s (bicarbonate), not enough data (total phosphorus), and the data being too coarse, or discrete, for regression analysis (fluoride). Other constituents had enough data, but relations useful for prediction were not found (potassium and chloride at sites 1, 4, 5, 6, and 7, and dissolved nitrite plus nitrate at site 1). The water-quality constituents selected for estimation are listed in table 2. The rationale and methodology for expressing waterquality constituent concentrations in terms of other surrogate constituents or physical properties in a regression equation are explained in Helsel and Hirsch (1995) . Helsel and Hirsch (1995) also detail the computations for regression estimation and identify measures commonly used to evaluate regression relations, including R 2 , the coefficient of determination. They explain the benefit of log transformation of variables, which was a technique used for some of the regression relations in this study. R 2 is calculated as follows:
Methods
where SSE is the error sum of squares, and SSy is the sums of squares y, or total sums of squares, defined in Helsel and Hirsch (1995) . R 2 is a number, 0 through 1, that when multiplied by 100 is interpreted as the percentage of the variability in the response variable explained by the explanatory variables and the regression equation. Generally, the higher the R 2 , the better the regression relation. However, this does not guarantee the regression equation is useful (Neter and others, 1996) . For example, if estimates require extrapolation outside the ranges of observed variables, the regression equation may not provide accurate estimates.
All-subset regression by leaps and bounds, a procedure that attempts to find the best regression relations using subsets of the given explanatory variables (Insightful Corporation, 2005) , was used to select the best regression model for estimating a particular constituent. The possible explanatory variables were streamflow, specific conductance, and water temperature (table 3) as well as transformations of streamflow and specific conductance, log ( ) 10 streamflow , and log ( ) 10 specific conductance .
The criteria for determining the best regression relation were the adjusted coefficient of multiple determination ( R a 2 ) and Mallow's C p ( C p ). R 2 increases with the number of explanatory variables in the regression model, but R a 2 allows for the comparison of models that have differing numbers of explanatory variables by penalizing models that have additional coefficients (Helsel and Hirsch, 1995) . The C p criterion is a measure of the total mean squared error and an indicator of model bias (Neter and others, 1996) . In comparing models, the models with the lowest C p values are considered those with the least bias.
Potential models with relatively high R a 2 and low C p were further examined using standard diagnostics for regression (Neter and others, 1996) . The most common problems in the diagnostic residual plots were non-normality and heteroscedasticity, or non-constant variance, both violations of the assumptions underlying parametric regression. Transformations of the response variable (constituent concentration in this study) are effective fixes for both of these problems, which often occur together (Neter and others, 1996) . Logarithmic transformations of the explanatory and response variables resulted in residuals that were approximately normally distributed. An explanatory variable was considered statistically significant and selected for regression relations if the p-value (attained significance level) for the variable was less than 0.05.
A resampling technique, jackknife after bootstrap, was used to examine the influence of individual observations in the development of the regression relations. "In bootstrap resampling, B [where B is a large number, such as 1,000] new samples, each of the same size as the observed data, are drawn with replacement from the observed data. The statistic is first calculated using the observed data and then recalculated using each of the new samples, yielding a bootstrap distribution. The resulting replicates are used to calculate the bootstrap estimates of bias, mean, and standard error for the statistic" (Insightful Corporation, 2001a) . In this study the bootstrap statistics were the regression parameter estimates, the coefficients of the explanatory variables, and the intercept term. The jackknife after bootstrap was helpful in identifying very influential observations that were removed as outliers and indicated that the regression parameters estimated in this study were relatively unbiased in their mean and standard error. An additional measure of influence, Cook's distance, was used along with residual plots to determine outliers or highly influential samples. Cook's distance quantifies the influence of individual samples on the predicted values (Neter and others, 1996) .
In building a regression model, the final step of the process is validation of the selected regression model. Validation generally is done in one of three ways: (1) collection of new data to check the model and its predictions; (2) comparison of results with earlier observations, simulations, theoretical experiments, or physical theory; or (3) use of data that were held out of the model-building process to check the model and its prediction accuracy (Neter and others, 1996) . Collection of new data is time-consuming and expensive and several years of data may be necessary to obtain samples representative of high and low streamflows, specific conductance, and constituent concentrations. Results of continued water-quality sampling should be compared with the regression relations presented in this report as hydrologic, climatologic, or human factors may change the relations. The regression relations were compared to previous studies and examined for scientific validity. Some data were withheld from the model building process and used to check the predictions made by regression relations.
As an indicator of the ability of the regression relations to estimate constituent concentrations, the measured concentrations were compared to the concentrations estimated by the regression relations by calculating relative percentage differences (RPDs) using the following equation:
where E is the constituent concentration estimated from the regression equation, and M is the measured constituent concentration.
M is assumed to be correct and the RPD is the relative difference of E from M, expressed as a percentage. Logarithmic transformations of the explanatory and response variables resulted in improved RPDs over untransformed variables and in a better linear relation between the measured and estimated concentrations. The improvement in the RPD when the explanatory and response variables were logarithmically transformed is shown in figure 2 for sodium concentrations at site 1. The top graph shows estimated and measured sodium concentrations with an RPD of 14.3. When the variables were logarithmically transformed, the RPD decreased to 7.5. In figure 2A , the relation between estimated and measured concentrations appears slightly curvilinear, with measured concentrations generally above the estimated concentration line for low concentrations, measured concentrations scattered on both sides of the line for concentrations in the middle, and high measured concentrations below the estimation line. In figure 2B the data generated with logarithmically transformed explanatory and response variables shows a much more linear relation between the measured and estimated concentrations.
Measured and estimated concentrations were compared graphically to evaluate the usefulness of the regression relations for prediction using continuously recorded streamflow and specific conductance data at each gage. The daily mean of the continuously recorded explanatory variables at each site and the regression relations for sulfate were used to predict sulfate concentrations along with 90-percent prediction intervals (Neter and others, 1996) . The prediction intervals have a 90-percent probability of containing the true sulfate population (Helsel and Hirsch, 1995) .
Calculation of Measured and Estimated Constituent Loads
Daily load is the total mass of a constituent that is transported past a gaging station in 1 day. Measured constituent loads were calculated by multiplying measured constituent concentrations by streamflow at the time the constituent concentrations were measured and multiplying by the conversion factor listed in table 4. Estimated mean daily constituent loads were calculated by multiplying the daily constituent concentrations estimated using the regression equations by daily streamflow and by a conversion factor (table 4) .
For regression relations developed in terms of a logarithmically transformed constituent concentration, retransformation to the original units can cause an underestimation of chemical loads when adding individual load estimates over (Christensen, 2001) . Multiplying the calculated load by a bias correction factor (BCF; Duan, 1983) corrects for this underestimation. Calculation of the BCF is shown in the equation below:
where e i is the regression residual, in log units, and n is the number of samples used to develop the regression relation.
Continuous Water-Quality Monitoring
Continuous monitoring of specific conductance and water temperature began at site 1 ( fig. 1 fig. 1; table 1 ), continuous monitoring of specific conductance and water temperature began in May 2006, with a CS 547 conductivity/temperature probe. The probe was installed on the left edge of the water on the same side as a natural spring that discharges to the Sheyenne River 60-70 ft upstream from the probe. Based on field readings on October 24, 2006, the specific conductance in the spring may be lower than the specific conductance in the river and the spring may affect the specific conductance recorded by the probe. A hydrologic comparison of specific conductance at sites 2, 3, 4, and 5 showed that specific conductance at site 4 follows the same trend as that at site 5 but may be influenced by the spring during periods of low streamflow (1-10 ft 3 /s) (P.M. Scarpari, USGS, station analysis, unpub. data, 2007).
At site 5 ( fig. 1; table 1 The CS probes were installed in buried, flexible polypipe intakes which extended from the gage houses to the river. The pipes were perforated at the end to allow river water to come in contact with the probes. In the CS probes, the electrical conductance sensor "consists of three stainless steel rings mounted in an epoxy tube...Resistance of water passing through the tube is measured by excitation of the center electrode with positive and negative voltage...Temperature is measured with a thermistor in a three wire half bridge configuration" (Campbell Scientific, Inc., 1996 . The accuracy of the conductivity sensor in standard ionized solutions is ±5 percent of reading in the range of 440 to 7,000 µS/cm at 25°C and ±10 percent of reading in the range of 5 to 440 µS/cm at 25°C (Campbell Scientific, Inc., 1996 . The accuracy of the temperature sensor is ±0.4°C in the range of -24°C to 48°C (Campbell Scientific, Inc., 1996 ).
The YSI probes were installed in buried galvanized steel pipe. The pipes were perforated at the end to allow river water to come in contact with the probes. The YSI probes utilize "a cell with four pure nickel electrodes for the measurement of solution conductance. Two of the electrodes are current driven, and two are used to measure the voltage drop" (YSI Incorporated, 2006) . For temperature measurement, the probes utilize "a thermistor of sintered metallic oxide that changes predictably in resistance with temperature variation" (YSI Incorporated, 2006) . The accuracy of the conductivity sensor is ±0.5 percent of reading plus 1 µS/cm in the range of 0 to 100,000 µS/cm and the accuracy of the temperature sensor is ±0.15°C in the range of -5 to 50°C (YSI Incorporated, 2006) . All probes were periodically cleaned and calibrated. For the CS 247, 547, and 547A models, calibration drift corrections were made when the specific conductance readings differed by more than 5 percent of the specific conductance of the standard solution used for calibration. Fouling corrections are made when readings before and after cleaning differed by more than 5 percent (L.A. Cottengaim, USGS, station analysis, unpub. data, 2007). The YSI 600R probes were calibrated and data were corrected according to criteria described by Wagner and others (2000) .
The data for all sites were transmitted through satellite telemetry and downloaded into the USGS Automated Data Processing System (ADAPS), and then the data were made available on the Internet from NWISWeb.
Summary Statistics
Summary statistics of the manually measured physical properties and water-quality constituents are listed in 
Results of Regression Analysis
Regression relations between constituents and surrogate physical properties were examined, and a regression relation was developed for each constituent using one or more surrogate variables. A discussion of each constituent and the associated regression relations follows. Also included in the discussion are the samples, if any, that were removed from the regression analysis. Almost all of the samples removed were from February, March, and November with the majority being from March. These are periods when the sites may be affected by ice, especially sites 1-5 and 7; therefore, caution should be used in using the regression relations for concentration estimation during periods of ice.
Hardness
Hardness is a property of water resulting from the presence of calcium and magnesium that is associated with the reaction of water with soap (Hem, 1985) . The higher the hardness, the more soap is required for cleansing, while water with hardness less than 30-50 mg/L may be corrosive to pipes, depending on pH, alkalinity, and dissolved oxygen (North Dakota Department of Health, 2006) . The hardness data used in this study were expressed in terms of calcium carbonate concentration.
Specific conductance "provides general indication of the content of dissolved matter for water that is not too saline or too dilute" (Hem, 1985) ; therefore, specific conductance may indicate the presence of calcium and magnesium. Specific conductance was a statistically significant predictor variable for hardness in the Sheyenne River at sites 4, 5, 6, and 7 (table 6). Site 1 showed nonconstant variance in the residual plots and had a high median RPD (greater than 20). Hardness was not analyzed for a regression relation at sites 2 and 3 because of insufficient data.
Regression diagnostics plots, Cook's distance (Neter and others, 1996) , and jackknife after bootstrap (Insightful Corporation, 2001b) , were all used to examine regression results for outliers and highly influential samples. For site 5, jackknife after bootstrap and Cook's distance indicated that the March 31, 2004, sample was highly influential in the estimation of regression parameters and therefore was removed from the regression analysis. For site 7, jackknife after bootstrap indicated that the February 6, 2006, sample was highly influential in the estimation of regression parameters. This sample also stood out in regression diagnostic plots of the residuals; therefore, the February 6, 2006, sample was removed from the regression analysis.
Dissolved Solids
Dissolved-solids concentration is used to evaluate water quality and to compare water from one location to the next. Dissolved-solids concentration may be determined in two ways: (1) by the weight of the dry residue remaining after evaporation of the water samples; or (2) by summing the concentrations of other dissolved constituents, if the concentrations of major ions are known (Hem, 1985) . According to Hem, the computed value for dissolved solids, which was used in this study, "may give a more useful indication of total dissolved-ion concentration than the residue left by evaporation." High concentrations of dissolved solids may have an adverse effect on taste and make the water appear cloudy (North Dakota Department of Health, 2006) . Specific conductance has been an effective predictor of dissolved solids in previous studies (Ryberg, 2006; and Christensen and others, 2000) . Streamflow also may affect dissolved solids, but the relation is not a simple one (Allan, 1995) . For the Sheyenne River, specific conductance was a significant explanatory variable for estimating dissolved solids at sites 1, 4, 5, 6, and 7; streamflow was not (table 7) . Dissolved solids was not analyzed for a regression relation at sites 2 and 3 because of insufficient data.
Regression diagnostics plots, Cook's distance (Neter and others, 1996) , and jackknife after bootstrap (Insightful Corporation, 2001b) , were used to examine regression results for outliers or highly influential points. For site 5, the sample from March 28, 1991, appeared to be an outlier in regression diagnostic plots and the sample from March 31, 2004, was highly influential in the estimation of regression parameters based on Cook's distance and jackknife after bootstrap; both samples were removed. For site 6, the sample from November 21, 2005, appeared to be an outlier in residual plots and had a large Cook's distance; therefore, the sample was removed from the regression analysis. 
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Calcium
Calcium contributes to hardness, is "a major component of the solutes in most natural waters," and it is generally "the predominant cation in river water" (Hem, 1985) . Previous studies have shown a positive linear relation between calcium and specific conductance (Christensen and others, 2003; Rasmussen and others, 2005; Christensen and others, 2006) . Specific conductance was a statistically significant predictor variable for calcium in the Sheyenne River at sites 4, 5, 6, and 7 (table 8) . Streamflow was also a statistically significant predictor variable for calcium in the Sheyenne River at sites 5, 6, and 7. Despite logarithmic transformation of the explanatory and response variables, site 1 had a nonlinear regression relation; therefore, a relation is not reported for calcium at site 1. This supports the lack of relation found for hardness as well. Calcium was not analyzed for a regression relation at sites 2 and 3 because of insufficient data.
Magnesium
Magnesium contributes to hardness and is "a common element essential in plant and animal nutrition" (Hem, 1985) . Previous studies have shown a positive linear relation between magnesium and specific conductance (Rasmussen and others, 2004; Christensen and others, 2006) . Specific conductance was a statistically significant predictor variable for magnesium in the Sheyenne River at sites 4, 5, 6, and 7 (table 9). Streamflow was also a statistically significant predictor variable for magnesium in the Sheyenne River at site 5. Despite logarithmic transformation of the explanatory and response variables, site 1 showed nonconstant variance in the residuals; therefore a relation is not reported for magnesium at site 1. This supports the lack of relation found for hardness as well. Magnesium was not analyzed for a regression relation at sites 2 and 3 because of insufficient data.
Sodium
Sodium in drinking water may be a concern for individuals on sodium restricted diets and high concentrations of sodium may make water unsuitable for irrigation (North Dakota Department of Health, 2006) . Human activities, such as deicing of highways in the winter, may influence the concentrations of sodium in ground and surface water (Hem, 1985) .
Previous studies have shown a positive linear relation between sodium and specific conductance, as well as multiple regression relations that include pH and streamflow in addition to specific conductance (Christensen and others 2003; Rasmussen and others, 2004; Christensen and others, 2006) . Specific conductance was a statistically significant predictor variable for sodium in the Sheyenne River at sites 1, 4, 5, 6, and 7 (table 10) . Streamflow was also a statistically significant predictor variable for sodium in the Sheyenne River at sites 1 and 6. Sodium was not analyzed for a regression relation at sites 2 and 3 because of insufficient data. 
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Sulfate
Sulfate sources include the weathering of rocks, agricultural runoff, fuel combustion, municipal and industrial effluent, and precipitation (Hem, 1985; Allan, 1995) . The presence of too much sulfate has three main undesirable effects in water used by humans: (1) sulfate can have a laxative effect with excessive intake, (2) water with high sulfate concentrations can form hard scales in boilers, and (3) sulfate can negatively affect taste (North Dakota Department of Health, 2006) . Sulfate is negatively charged and increased sulfate concentrations increase specific conductance (Hem, 1985) . Streamflow was statistically significant at sites 1, 4, and 5 only (table 11) .
Jackknife after bootstrap, Cook's distance, and regression plots identified the March 30, 2005, sample at site 1, the November 21, 2005, sample at site 6, and the September 16, 1993, sample at site 7 as highly influential points. They were removed from the regression analyses.
For sites 2 and 3, the period of record is small compared to the other sites and it is a period of record with relatively low flow and high specific conductance. Additional high flow data might result in the inclusion of the streamflow term in the regression equation, which is present in the equations for the upstream and downstream sites (1 and 4). The equations presented in table 11 should not be extrapolated beyond the range of explanatory variables used to develop the regression equations.
Additional high flow data might include concentrations affected by storm runoff and sites 1, 2, and 3 may be more affected by storm runoff than sites farther downstream. The storm effect would depend on the location of the storm. The north fork of the Sheyenne River, which joins the Sheyenne River between Harvey and Flora ( fig. 1 ) is less sulfatic than the Sheyenne River (W.M. Schuh, North Dakota State Water Commission, written commun., 2007). Therefore, increased streamflow at sites 2 and 3 caused by storm runoff may have varying effects on sulfate because of the location of the storm.
In addition to the numeric measurements used to evaluate the regression relations, measured and estimated concentrations were compared graphically to evaluate the usefulness of the regression relations for prediction using continuously recorded streamflow and specific conductance data at each gage. The permit to release water from the Devils Lake outlet into the Sheyenne River is based in part on sulfate concentration; therefore, there is a great deal of interest in sulfate in the Sheyenne River Basin and sulfate was used to illustrate the graphical comparison of measured and estimated concentrations in figures 3 and 4. For sites 1 and 4, continuous recording of specific conductance began in May 2006, resulting in little data for continuous prediction in 2006; therefore, sites 1 and 4 are not compared graphically. For sites 2 and 3, the daily mean of the continuously recorded specific conductance and streamflow data at each site from January 1, 2005, through December 31, 2006, and the regression relations for sulfate were used to predict sulfate concentrations along with 90-percent prediction intervals, representing the error in the prediction of sulfate. The sample concentrations used to develop the regression relations were plotted as points as well as the sample concentrations that were removed when the data were thinned. The regression relations for sites 2 and 3 were developed using samples collected by the NDSWC; however, the USGS also collected samples at these sites as an independent verification of the NDSWC's sampling program and the USGS sample concentrations also are plotted as points. For sites 5, 6, and 7, the daily mean of the continuously recorded specific conductance and streamflow data from January 1, 2000, through December 31, 2006, and the regression relations for sulfate were used to predict sulfate concentrations at each site along with 90-percent prediction intervals, representing the error in the prediction of sulfate. The sample concentrations used to develop the regression relations were plotted as points, as well as the sample concentrations that were removed when the data were thinned. Breaks in the prediction lines (figs. 3 and 4) indicate periods in which one or more of the predictor variables were unavailable or periods in which streamflow fell outside the bounds defined in the "Manual Water-Quality Measurements, Sample Collection, and Analysis" section of this report.
Measured and Estimated Constituent Loads
Because the explanatory variables used in the regression equations (tables 6−11) are continuously monitored properties, the regression relations developed in this study may be used to estimate daily constituent loads in the Sheyenne River. As an example of this application of the relations, the daily load for sulfate at site 7 is shown in figure 5 . Measured daily load was computed and the daily load was estimated using the regression equation (table 11) and the daily mean streamflow and specific conductance. Breaks in the line representing estimated daily load indicate periods in which one or more of the explanatory variables was unavailable.
The estimated loads and measured loads compare well and the estimated load illustrates the high degree of variability in daily sulfate load. The peak load generally occurs in the second quarter of the year during spring runoff, April-June.
Summary
The U.S. Geological Survey, in cooperation with the North Dakota State Water Commission (NDSWC), analyzed data collected at seven sites on the Sheyenne River to determine whether streamflow and the continuously recorded physical properties could act as surrogates to estimate waterquality constituents that are important indicators of surfacewater quality. Estimation of water-quality constituents on the basis of surrogates provides several benefits. Although periodic Sheyenne River water-quality samples are collected manually and analyzed, the delay associated with laboratory analysis does not permit immediate identification of undesirable concentrations of constituents. A relation between manually collected water-quality samples and real-time water-quality measurements allows immediate identification of potential water-quality problems. Examination of streamflow and physical properties of water that act as surrogates for constituents of interest also helps optimize visits for the collection of water-quality samples.
Data collection and analysis methods, as well as the periods of record for manual and continuous water-quality monitoring, vary among the sites. This variability was documented as part of the study and should be considered when applying the regression relations.
Constituents for which regression relations were developed were hardness, dissolved solids, calcium, magnesium, sodium, and sulfate. Potential explanatory variables were the continuously recorded water properties streamflow, specific conductance, and water temperature. Each regression relation was evaluated for usefulness based on the R 2 and median relative percentage differences (RPDs).
The base-10 logarithm of hardness was a function of the base-10 logarithm of specific conductance for sites 4-7. The hardness relations were characterized by R 2 of 0.915-0.947 and median RPDs of 3.9-7.7.
The base-10 logarithm of dissolved solids was a function of the base-10 logarithm of specific conductance for sites 1 and 4-7. The dissolved solids relations were characterized by R 2 of 0.966-0.997 and median RPDs of 1.7-2.7. The base-10 logarithm of calcium was a function of the base-10 logarithm of specific conductance for site 4 and a function of the base-10 logarithm of streamflow and the base-10 logarithm of specific conductance for sites 5-7. The calcium relations were characterized by R 2 of 0.784-0.909 and median RPDs of 5.3-9.5.
The base-10 logarithm of magnesium was a function of the base-10 logarithm of specific conductance for sites 4, 6, and 7 and a function of the base-10 logarithm of streamflow and the base-10 logarithm specific conductance for site 5. The magnesium relations were characterized by R 2 of 0.944-0.955 and median RPDs of 4.9-6.8.
The base-10 logarithm of sodium was a function of the base-10 logarithm of streamflow and the base-10 logarithm of specific conductance for sites 1 and 6 and a function of the base-10 logarithm of specific conductance for sites 4, 5, and 7. The sodium relations were characterized by R 2 of 0.876-0.958 and median RPDs of 7.5-9.2.
The base-10 logarithm of sulfate was a function of the base-10 logarithm of streamflow and the base-10 logarithm of specific conductance for sites 1, 4, and 5 and a function of the base-10 logarithm of specific conductance for sites 2, 3, 6, and 7. The sulfate relations were characterized by R 2 of 0.820-0.928 and median RPDs of 5.2-11.5.
The regression relations may be used to continuously estimate constituent concentrations in the Sheyenne River and these estimates may be used to continuously estimate concentration loads. The relations should be monitored for change over time, especially at sites 2 and 3 which have a short period of record. In addition, caution should be used when the Sheyenne River is affected by ice and when the upstream sites (sites 1, 2, and 3) are affected by isolated storm runoff. Almost all of the outliers and highly influential samples removed from the analysis were from periods when the Sheyenne River might be affected by ice.
